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EFFECTS OF COUPLED BIAXIAL TENSION AND SHEAR STRESSES ON
DECRIMPING BEHAVIOR IN PRESSURIZED WOVEN FABRICS

INTRODUCTION

Tension structures are increasingly important to military applications that require
minimum weight, small packing volumes, and enhanced deployment operations. Present design
methods for inflated fabric structures, however, are not well established. Analytical tools
required to efficiently design these structures lag behind those for conventional structures and
materials--partly because of nonlinearities resulting from changes in fabric architecture upon
loading. In particular, constitutive relationships must be developed to establish the
pressure-dependence and coupling effects of biaxial tension and shear loads. Through analysis
and experiment, the research documented in this report addresses the changes in fabric
architecture and the combined effects of biaxial tension, shear, and crimp interchange on the
global behavior of woven fabrics. Additionally, a novel fixture for use in experimental testing of
fabrics subjected to combined biaxial tension and shear loads is introduced.

BACKGROUND

The category of tension structures includes fabric and membrane structures. Both require
pre-tensioning loads so that appreciable planar stiffness can be developed. The planar stiffness
provides global rigidity, enabling the structure to support both in-plane and lateral loads. Fabric
structures utilize a woven or braided construction consisting of discrete tows or yarns that are
interlaced with some prescribed level of periodicity. Flexible coatings are primarily applied to
the fabric to protect the fibers from sources of environmental degradation; these coatings also
may afford some structural rigidity. Membrane structures are constructed using thin films of
homogeneous materials and, in general, are isotropic. Multiple films may be bonded together to
form a single skin.

Unlike fabric structures, extensive research data are available for membrane structures.
Fabric and membrane structures behave fundamentally differently when they are subjected to
applied tensile stress fields. The force-displacement response of uncoated fabrics to biaxial
tension is dominated by crimp interchange. Crimp is defined as the waviness of a fiber; crimp
interchange is the transfer of crimp from one fabric direction to another as a result of loading.
Upon initial biaxial loading, tow slippage and rotation occur at the crossover points because
inter-tow friction has not yet sufficiently developed. With increasing biaxial tension, crimp
interchange along both tow directions occurs and, depending on the ratio of biaxial tensions,
crimp may decrease (known as decrimping) or increase. This phenomenon results in a
three-dimensional state of deformation that is not present in membrane structures.



The research documented in this report focused on pressurized plain-woven fabric beams
in which the source of rigidification may be either air or water. Air-pressurized fabric beams are
known as air beams. The plain-woven fabrics considered in this study were constructed from
3000-denier tows rather than yams. (In general, tows are composed of non-twisted filaments,
and yams are composed of twisted filaments. When compared to denier-equivalent yarns, tows
have a greater stiffness but lower strength.) The filaments within the tows were bundled in
rectangular-like cross sections to maximize the cover factor by decreasing the fabric crimp
heights. A further characteristic pertaining to these tows is that they were formed by layering
two 1500-denier tows together using a light coating. This coating served to (1) primarily protect
the filaments from environmental effects, (2) contain the filaments in rectangular bundles, (3)
enable higher weaving speeds by reducing the friction generated during weaving, and (4)
minimize tow compaction during crimp interchange.

Freeston et al.1 conducted both theoretical and experimental research on the stress-strain
behavior of plain-woven fabrics subjected to biaxial loads. Analytic expressions, initially based
on Pierce's fabric geometry model for circular yarns, were derived to establish parameters
influencing biaxial deformations. The expressions were solved using the nonlinear Newton-
Raphson method and were applied to various cases of limiting fabric geometries. A biaxial test
fixture was described and used for various ratios of biaxial tension loads. Freeston et al. defined
an effective Poisson's ratio (,uf) as the ratio of lateral contraction of a fill yarn to the extension
of a yarn in the warp direction. This parameter captured the three-dimensional nature of fabric
deformations, particularly those caused by crimp interchange, for biaxial loads. Their research'
did not, however, consider shearing loads applied to a biaxially stressed fabric.

Sidhu et al. 3 developed a numerical modeling method coupled with experimental tests to
evaluate the performance of composite preforms constructed of plain-woven tows. Their method
was based on a unit cell geometry that used a mixture of truss and shell elements. The truss
elements explicitly represented the tows with elastic isotropic behavior. T'he shell elements,
which were connected to adjacent tows, provided a fictitious medium through which an a priori
fabric constitutive behavior could be instituted. Off-axis tensile tests were performed to capture
the nonlinear material behavior of the fabric for calibrating the shell elements prior to running
the models. While the method did not explicitly compute the tow-to-tow interactions, the effects
of those interactions were simulated through the constitutive behavior, as determined by testing.

In contrast, the dominant deformation mode in preform design and drape assessment is
fabric shearing (tow scissoring). Here, fabric shearing occurs because the applied tensile stresses
are not aligned with the fabric's fiber directions. In the design of plain-woven air beams,
however, the biaxial tensile forces resulting from pressurization are aligned with the fabric's
nearly orthogonal warp (axial) and weft (hoop) directions. This alignment achieves maximum
fabric stiffness. Deformations resulting from pressurization are dominated by inter-tow slippage
and crimp interchange rather than tow shearing. Shearing deformations begin to develop,
however, when the fabric structure is sufficiently pressurized and external transverse loads are
applied.

Motions associated with crimp interchange are kinematic rather than elasticity based and
are greater for uncoated fabrics. The effective elastic moduli (Ew,,,p and E.,f) and in-plane shear
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modulus (Gfih) of the fabric are nonlinear and highly dependent on the applied biaxial tensile
stress. Both experimental' and analytical efforts have confirmed that a fabric's force-extension
response is initially invariant to the elastic modulus of the tows (E,,,,,). Additionally, Grah was
found to be independent of E,,,p, E,, ,, and Et,,. Likewise, E11 ,m and E,,,,f are independent of
Et,, for small to moderate biaxial tensions. As the biaxial tension increases, the tows become
situated, appreciable friction forces develop, tow compaction occurs, and a decrease in kinematic
motions is observed. Appreciable elastic strain energy begins to develop and, upon further
tensile loading, the resulting force-extension behavior becomes dependent on Eol,.

Hearle et al. identified three distinct regions of stiffness for a uniaxially loaded fabric
(see figure 1). Pressurized fabric structures are designed to operate with tow forces ranging
between regions I and II to ensure that the tows are loaded well below their breaking strengths,
thus providing sufficient factors of safety against burst. When a fabric is biaxially stressed and is
then subjected to an in-plane shear stress, the tows will shear and rotate with respect to their
original directions.

Breaking Load tttt... o....... ... .. °°.. ............. ....................................... . .......

III - Tow Extension
0 Region

0
-J

I1 - Decrimping Range of Opera ng
Pressure Loads for.. .................. ..................... .... ....... ... ..- 1ReWioen AireBeams

t
SI - Irftr-Filr Friction Region

Axial Displacement H
Figure 1. Stages of Axial Stiffness for Woven Fabric Subjected to Uniaxial Tension

The source of initial resistance to shear-induced rotations for an uncoated fabric is the
contact-based friction developed at the crossover points. As the shear rotations increase, an
upper bound is reached when tows of both directions become kinematically locked. This
configuration, shown in figure 2 for pure shear loading, is referred to as "tow jamming." Further
shear loading induces localized shear wrinkling instabilities in the fabric, leading to pronounced
out-of-plane deformations.
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Figure 2. Stages of Shear Stiffness for Pure Shear Loading of
a 2:1 Tow Density Ratio (TDR) Woven Fabric

Similar behavior for coated woven fabrics under pure shear loads occurs as described by
Farboodmanesh et al. 5 Unlike fabric structures, the homogeneity of membranes excludes the
kinematic motions associated with crimp interchange, and strain energy is developed throughout
all stages of biaxial tensile loading. Membrane structures, however, are also susceptible to both
bending and shear wrinkling instabilities.

Previous analytical and experimental efforts 6,7 investigated the global flexure response of
plain-woven air beams for military shelters (see figures 3 and 4).

Figure 3. Four-Point Flexure Test of a 15.24-cm-Diameter, Plain- Woven Air Beam

Constructed of 3000-Denier, 2:1 TDR Vectran Fabric
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Figure 4. Comparison of 5.08-cm-Diameter Vectran and PENAir Beams
Subjected to Four-Point Flexure Loads

The air beams, constructed of flat tows having zero twist, were inflated to relatively low
operating pressures. (Operating pressures are considered to be low when the resulting tow
tensions do not exceed 30% of their breaking strength.) In those tests, the flexure behavior of
uncoated Vectran and PEN air beams was compared. Both air beams had identical percentage of
crimp, TDR, denier, diameter, and length. (TDR is defined as the number of weft (hoop) tows
per unit beam length divided by the number of warp (axial) tows per unit circumference.)
Although the ratio of the as-woven moduli of the Vectran and PEN tows obtained through tow
tensile tests was 4.7 to 1.0, there were minimal differences in deflections of the beams at a given
inflation pressure. It was observed that the global bending behavior of the air beams was
(1) invariant with Eo,,, for the range of inflation pressures considered, (2) dominated by the
kinematics of crimp interchange and (3) subjected to considerable transverse shearing
deformations. The effects of crimp interchange and shearing deformations preclude the use of
traditional strength-of-materials design methods for plain-woven fabric air beams.

FINITE ELEMENT MODELING

This research focused on plain-woven fabric air beams. Air beams are routinely made
using a 2:1 TDR to ensure equi-biaxial loading of the tows during inflation; such loading
provides identical factors of safety against burst in the warp and weft tow directions. In contrast
with conventional structures, E,,,,, E,,, and Gf/fh for inflatable fabric structures are nonlinear
and highly dependent on inflation pressure, fabric construction, TDR. and even the applied loads.
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Localized models of the interacting tows were developed using homogenization
techniques to capture the effects of crimp interchange on the force-extension response of the
fabric and to predict global fabric moduli. The models, developed using the ABAQUS 8 finite
element program, are shown in figures 5 and 6.

Figure 5. Localized Finite Element Model of a 2:1 TDR Fabric Strip
Subjected to Biaxial Tension (Out-of-Plane Displacements Shown)

Figure 6. Localized Unit Cell Finite Element Model of a 2:1 TDR Fabric
Subjected to Combined Biaxial Tension and In-Plane Shear
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The models were formulated to capture the nonlinear deformation modes attributed to
possible tow-to-tow contact interactions associated with crimp interchange and shearing. These
modes included tow slippage, scissoring, extension, bending, compaction, and inter-tow friction.
The crimp interchange effects were sources of substantial nonlinearities as shown in the global
elastic and shear moduli predictions in figures 7 and 8 for uncoated plain-woven fabrics.
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Figure 7. Fabric Elastic Modulus (Efab) Versus Inflation Pressure
as Predicted by the Fabric Strip Model
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Figure 8. Fabric Shear Modulus (Gf~b) Predictions as Functions of Inflation Pressure
and Shear Force for a 2:1 TDR Plain- Woven Fabric
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During crimp interchange, the contact areas at the crossover points changed with
increasing loads. Localized plots of the hoop and axial tows taken from the fabric strip model
during crimp interchange showed the presence of cupping and doubly-curved surface
deformations. The contact areas were highly non-uniform-not unexpected because the filaments.
and subsequently the tows, have a non-zero bending stiffness (El), creating a radius of curvature in
the tows at the crossover points. As the biaxial loads increased, the radius of curvature in the tows
increased and the tows attempted to achieve a nearly flat configuration. The contact forces,
however, were distributed locally on the four corners of the crossover regions.

EXPERIMENTAL FIXTURE

A combined multi-axial tension and shear test fixture9 was recently designed and
manufactured to permit simultaneous measuring of E1,,17), E,,ri, and Gfih for structural fabrics.
The fixture (see figure 9) was designed for use with conventional tension/torsion machines to
characterize the elastic and shear moduli of fabrics. The test fixture, which uses a
cruciform-shaped specimen, evaluates both strength and stiffness properties of various fabric
architectures such as weaves, braids, and knits. For fabrics constructed of two principal fiber
directions, the fixture uses two rhombus-shaped frames connected with rotary joints (see figure 9).

AyPach

•i •a i • • Rotx7yjoiri

SVideo camera

Fabrnc specimen

Displacenmt

4 Uarniduceir

Gnppmg plaes
(with stnma gages

used for load

S Rotay JOVA

Figure 9. Combined Biaxial Tension and In-Plane Shear Fixture with Axial
and Rotational Degrees of Freedom
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Assuming that the lower joint assembly is pinned to a stationary crosshead of the test
machine, the relationship between the downward vertical displacement of the upper joint (A,.)
and the equi-biaxial extension (A,,•) exerted on the fabric is given by

A,=2 L2 fL2cos2 9O-LA,.cosO A,+ , j -LsinOj (1)

where 0 = the initial angle of the upper tube from vertical reference, and L = the length of the
upper tube (pin-to-pin).

Similarly, the relationship between the machine-applied vertical force (P,,ah) and the
forces along each fabric direction (F,,arp and F,,fi) is given by

J) - 1 = - (2)
I' =tand 0 + )"

To simulate the stress state caused by inflation of woven air beams, a biaxial load was
computed based on the air beam diameter, operating pressure, and TDR. Biaxial loading begins
by moving the crosshead of the test machine in a downward vertical motion so that the machine
applies a vertical load (Pmach) to the fixture. Doing so creates an equal extension (Aex,) along
both tow directions, resulting in biaxial tensile loads F,,,,,rp and F,,fii as shown in figure 10.

Figure 10. Biaxial Tension Mode
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Strain gauges mounted on the loading plates used in conjunction with load-versus-strain
calibration curves provide the tensile force measurements along the warp and weft directions.
Once the biaxial extension is applied to the specimen, a torsional load is then superimposed to
induce relative rotation between the tow directions, creating an in-plane shearing as shown in
figure 11.

Figure 11. In-Plane Shear Mode

EXPERIMENTAL RESULTS

Fabric specimens constructed of 3000-denier dimensionally stable polymer (DSP) tows
with a 1:1 TDR and 13 tows per inch along both the warp and weft directions were tested under
combined biaxial and shear loadings. The specimens were carefully cut so that tows along each
direction ran continuously between loading plates. Figure 12 shows the time-history inputs from
the test machine and the corresponding loading responses of a specimen. The three distinct
loading phases shown in figure 12 were identified as the biaxial loading phase (1), the combined
biaxial and shear loading phase (II), and the biaxial loading with shear unloading phase (1ll).
The test machine was operated in a load-controlled (rather than displacement-controlled) mode
so that, upon reaching a specific machine load (Pm,,',), the feedback/control loop continuously
adjusted the crosshead displacement to keep the biaxial loads nearly constant during phases I1
and III.

10
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Figure 12. Time-History Plot of Biaxial and Shear Testing
of 3000-Denier, 1:1 TDR DSP Fabric

A machine load Pn,,?h of 4448 N was applied during the biaxial loading of phase I,
resulting in warp and weft direction forces of 1032 N and 742.9 N, respectively. Figure 13
shows the force-versus-extension behavior for the DSP fabric during the biaxial loading of
phase I only.
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Figure 13. Fabric Forces F[warp and Fweft Versus Aetfor 3000-Denier,
1:1 TDR Plain-Woven DSP Fabric
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Three distinct regions were recognized during phase I and were similar to those identified
by Hearle et al.4 (see figure 1) for uniaxial loads. During the inter-fiber friction region, the
filaments within the tows, as well as the tows themselves, became aligned with the directions of
loading. Minimal resistance to the biaxial extension was developed. When the inter-tow
frictional forces were exceeded, tow slippage-which led directly to the decrimping region-was
initiated. At the onset of decrimping, relative motions among crossover points achieved their
peaks. Upon further extension, relative tow motions decreased, crimp heights decreased at the
crossover regions, and significant resistance to extension developed. At the end of the
decrimping region, the tows became situated, leading to the tow-elongation region. In the
tow-elongation region, no kinematic motions were observed and appreciable strain energy
developed within the tows. In summary, the inter-fiber friction and tow-elongation regions were
observed to be nearly linear. The decrimping region, which represented a transition region
where fabric stiffnesses developed, was, however, highly nonlinear.

The imbalance of fabric forces observed during phase I for the 1: 1 TDR plain-woven
DSP fabric was attributed to unequal crimping along the warp and weft directions. Crimp is
defined as the percentage difference between a tow's straightened length (after it is removed
from the weave and subjected to a nominal force) and its original as-woven length. A particular
source of crimp imbalance for 1:1 TDR fabrics is uneven tow tensions during the weaving
process. The consequence of crimp imbalance is unequal fabric stiffnesses in the warp and weft
directions. When a crimp-imbalanced fabric is subjected to equi-extensional loading, the
resulting reaction forces produced in the warp and weft tows will be unequal. Physical
measurements of the DSP fabric revealed an average crimp ratio ý of 0.76 as defined by
equation (3):

C_ cf,,, (3)

- ""flrp

where CWfi = % crimp along the weft direction and Cd,,,,-p = % crimp along the warp direction.
Crimp results of three tows measured in each direction are summarized in table 1.

Table 1. Crimp Measurements for 3000-Denier, 1:1 TDR Plain-Woven DSP Fabric

Tow Tow Woven Ref. Tow Length AL C
Axis Spec. # Length (mm) (mm) (mm) (%)

Warp 1 257.18 261.94 4.76 1.85

Warp 2 257.18 261.94 4.76 1.85
Warp 3 257.18 261.94 4.76 1.85

Average Cw,,p = 1.85

Weft 1 260.35 266.70 6.35 2.44
Weft 2 260.35 266.70 6.35 2.44

Weft 3 260.35 266.70 6.35 2.44
Average C wen = 2.44

C warp / C wft Ratio, • = 0.76
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A cursory observation suggests that the ratio of the warp-to-weft direction forces
(F.,,p/l;,,et) is a function of ý for equi-extension loadings; that is,

, (4 )

Generation of engineering stress-strain curves from the force-extension data was
relatively simple. First, to compute the warp (o,,v) and weft (q,,,fl) stress, the total
cross-sectional areas of all tows (A,,s) in each direction had to be identified in accordance with
the denier-related properties of the tows shown in table 2; that is,

A,,,H, =z d i-N N f, (5)4

where qf/ is filament diameter, Nf/is the number of filaments in tow, and Ng is the number of
tows gripped.

Table 2. Denier-Related Properties for DSP Tows

DSP
Tow Denier 3000

No. Filaments, Nr, 546
Filament Diameter, df, (cm) 0.00241

Tow Area (cm 2) 0.00250

It then follows that

r- tFu'p (6a)

and

" F~, ~(6b)

The engineering strains along the warp and weft directions (,,,,p and C,,ef, respectively) were
equal because both directions were subjected to equal extension amounts and possessed the same
grip lengths (Lg): therefore, the engineering strain (e) is given by

.9 = •',,.,., = ,,,,, - .+,(7)

L
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Figure 14 plots the stress-strain curves along the warp and weft tow directions. As
expected. the stress-strain curves were similar in shape to the force-extension curves. The fabric
elastic moduli developed along the warp and weft directions (E d,,,., and E,, respectively) were
computed as the ratios of stress to strain. Figure 15 plots curves of the developed elastic moduli
versus the force in the corresponding directions. The elastic moduli were significantly nonlinear
and unequal because of the crimp imbalance of the DSP fabric.
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Figure 14. Stress-Strain (ao-e) Curves for 3000-Denier, 1:1 TDR Plain- Woven
DSP Fabric Subjected to Biaxial Extension

3A00604 Warp

7-00E-04

Li 1.5%E.04

IAM0
LU

ri .00E.04

0 10 20 30 40 SO 60

Force, F,.,F , (N)

Figure 15. E Versus FAlong Warp and Weft Directions for 3000-Denier,
1:1 TDR Plain- Woven DSP Fabric Subjected to Biaxial Extension
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In phase II (see figure 12), combined biaxial and shear loading began. Relative rotation
between the warp and weft directions was initiated, and the corresponding torque (T) generated
by the specimen was recorded. During this phase, the use of load-controlled testing was
particularly important. As the rotation (a) between tow directions developed, additional crimp
interchange occurred, altering the original tow tensions developed in phase 1. To maintain
constant biaxial loads, the test machine automatically adjusted the crosshead displacement to
compensate for changes in biaxial tension (see figure 16).
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Figure 16. Time-History Plot of T and A4for 3000-Denier, 1:1 TDR Plain- Woven
DSP Fabric During Phases H and III

Figure 17 shows the Tversus a response of the DSP specimen to phases II and III for
three levels of biaxial tension. The rotational resistance, measured as torque, increased
substantially with increasing biaxial tension. The initial portions of the curves shown in
figure 17 include transition regions, after which the torque resistance becomes fully developed.
The intermediate regions indicate the presence of a dwell where the applied torque remains
constant with increasing rotation. The dwell is caused by rotational sliding of the orthogonal
tows at the crossover points. Note that, upon return to the initial zero-rotation reference, a
negative torque was required. Although hysteresis was observed, it was attributed to
architectural changes in the fabric. Specifically, the filaments and tows were unable to return to
their exact original positions prior to rotation. Such changes were considered kinematic in nature
rather than strain energy based.
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Figure 17. T Versus a Response During Phases II and III for a 3000-Denier, /:1 TDR
Plain-Woven DSP Fabric Subjected to Various Biaxial Tensions

The fabric shear stress (r) was computed from the torque (T) and the separation distance
between opposing grips (dg) by the following equation:

r - (8)

dgAII'

The fabric shear strain (y) was equal to the rotation angle (a) expressed in units of
radians. Figure 18 plots the shear stress versus shear strain response for three levels of biaxial
tension. These curves are similar in shape to the T-a curves.
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Figure 18. r Versus y Response During Phases II and Ill for a 3000-Denier,
1:1 TDR Plain- Woven DSP Fabric Subjected to Various Biaxial Tensions
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The fabric shear modulus (Gfab), obtained by dividing r by y, is plotted in figure 19 as a
function of a for three levels of biaxial tension.
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Figure 19. Gfab Versus a Response During Phases II and III for a 3000-Denier,
1:1 TDR Plain-Woven DSP Fabric Subjected to Various Biaxial Tensions

The shear modulus increased proportionally with increasing biaxial tensions. Relative
peak values of (Gfb occurred at initially small rotations prior to the onset of rotational slip
between orthogonal tows. When the frictional resistance at the crossover points was exceeded,
the rotational slip was met with minimal resistance. Further rotation resulted in crimp
interchange that exceeded what was generated in phase I and acted as a stiffening mechanism.
Relative plateaus in shear stiffness were then observed prior to the onset of towjamming. The
"'slip/stick" phenomena observed during loading phases II and III were dominant sources of
nonlinearities in figures 17 through 19.

This study also evaluated the performance of the test fixture and cruciform-shaped
specimens and found that, although the test fixture performed successfully, improvements could
be made in the specimen shape to minimize end effects. In general, common problems for
cruciform-shaped fabric specimens, regardless of the type of test fixture used, arise from end
effects caused by loading differences among the tails and central region. For example, during
biaxial extension, the tails were subject to uniaxial loads; at the same time, the central region was
undergoing biaxial loading. Within the tail regions, tows perpendicular to the extension
direction remained unloaded. No resistance to the decrimping of the loaded tows was provided.
Because crimp interchange and the resulting extension were dependent on the loading ratio
between fabric directions, the cruciform specimen provided lower bounds of both elastic and
shear moduli; therefore, cruciform specimens should be sized for minimum tail dimensions to the
most practical extent permissible. In the limiting case, however, where the tail length
approaches zero, the rotation angle available from the present fixture for shear loading also
approaches zero. This effect is due to interference among adjacent loading plates.
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CONCLUSIONS

The fundamental difference between membrane and fabric materials is that fabric
materials are subjected to architectural changes in microstructure when mechanical loads are
imposed on them-specifically at the tow and filament levels. These changes profoundly
influence the load-carrying capability of woven fabrics. Three distinct regions of stiffness-
similar to a woven fabric's uniaxial behavior-were revealed for biaxial loadings. Of particular
importance was the decrimping region in which crimp interchange was initiated, dramatic
reductions in crimp heights occurred, and appreciable elastic and shear stiffnesses developed. It
is through these architectural changes that woven fabrics become suitable fbr use in structural
applications; however, because the mechanisms associated with decrimping are highly nonlinear
and the biaxial tension and shear behavior are coupled. suitable design methods for woven fabric
structures are not yet established.

The present analyses and experiments represent methods for establishing the coupled
elastic and shear moduli of woven fabrics, as well as for evaluating the performance of
pressurized air beam structures. Each method requires a thorough assessment of the construction
details at the fabric, tow, and filament levels. As did Freeston et al.,I this research found that
visual inspections were insufficient for determining if the fabric specimens were initially square
(symmetric in terms of tow counts, spacings, directional uniformity, etc.).

Crimp measurements were necessary to identify any imbalances that impacted the
decrimping response and the subsequent load-extension behaviors. A potential cause of crimp
imbalance for 1:1 TDR fabrics was identified as unequal tensions in the warp and weft directions
during the weaving process. It is recommended that fabric test specimens be preconditioned
with repeated biaxial loadings at a nominal level-a process that, in this research, reduced the
variations in crimp uniformity along each tow direction of the tested specimens. In general,
these variations resulted from specimen handling and, once the variations were minimized,
greater uniformity, repeatability, and convergence of crimp measurements and load ratios were
achieved.

Because the analyses were conducted prior to the development of the biaxial test fixture,
the models did not accurately reflect the exact construction details of the tested specimens:
therefore, a complete correlation could not be pursued. Qualitative comparisons, however, show
agreement on the decrimping and coupled biaxial tension/shear effects.

While it is generally recognized that structural fabric applications may be categorized as
residing in the extension (strain) domain or the force domain, the need to characterize fabric
mechanical properties in both domains exists; therefore, design modifications are underway to
enable the fixture to optionally provide equi-biaxial loadings. Future efforts will address the
optimization of the cruciform-shaped specimen to alleviate end effects and the testing of a
variety of fabric materials constructed with various TDRs and coatings.
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